ABSTRACT Pesticides can negatively affect insect immunity. Although studies show that Formosan subterranean termites, Coptotermes formosanus Shiraki, are resistant to microbial infections, the effects of pesticides on disease resistance is not well studied. In this study, C. formosanus previously fed lufenuron was exposed to each of the three entomopathogenic bacteria, Pseudomonas aeruginosa (Schroeter) Migula, Serratia marcescens Bizio, and Bacillus thuringiensis Berliner subsp. israelensis. We found that termite mortality was signiÞcantly higher and synergistic in the combination of lufenuron and P. aeruginosa compared with treatment of lufenuron or P. aeruginosa alone. Other bacteria and lufenuron combinations were not quite as effective. Interestingly, only in treatments without lufenuron did termites show carcass-burying behavior. The results indicate that lufenuron, a chitin synthesis inhibitor, can suppress Formosan subterranean termite resistance to P. aeruginosa. Possible suppression mechanisms are discussed.
The Formosan subterranean termite, Coptotermes formosanus Shiraki, has become one of the most destructive termite species in the United States since its introduction from southern Asia (Haagsma et al. 1995 , Henderson 2008 , Rust and Su 2012 . Currently, there are two widely applied methods for the control of this pest: termite baiting and liquid termiticides (Henderson 2001, Rust and . Although chemical insecticides are popular in the termite control industry, they are not free from shortcomings, such as potential toxicity to nontarget organisms and pollution to soil and water resources. Biological control methods may provide an environmentally friendly and sustainable option for the control of C. formosanus (Sun et al. 2002 , Jayasimha and Henderson 2007 , Sindhu et al. 2011 ). However, researchers have shown that many microbial pathogens cannot successfully infect C. formosanus because of its strong immune response and social behavior (Woodrow and Grace 2008; Yanagawa et al. 2009 Yanagawa et al. , 2010a Chouvenc and Su 2012; Wang and Henderson 2013) . It is known that some pesticides can impact insect immunity, making insects more susceptible to pathogen infections (Azambuja et al. 1991; Sharma et al. 2003 Sharma et al. , 2008 George and Ambrose 2004; Bü yü kgü zel 2009; Wu et al. 2009; Alaux et al. 2010; Islam et al. 2010; James and Xu 2011; Shapiro-Ilan et al. 2011; Vidau et al. 2011; Aufauvre et al. 2012; Pettis et al. 2012; Zhu et al. 2012) . The effect of pesticide on disease resistance of C. formosanus, however, is not well studied.
We hypothesized that a low dose of lufenuron, a chitin synthesis inhibitor, will weaken C. formosanus and increase its susceptibility to the entomopathogenic bacteria, Pseudomonas aeruginosa (Schroeter) Migula, Serratia marcescens Bizio, and Bacillus thuringiensis Berliner subsp. israelensis. Lufenuron has been used for the control of cat ßeas (Rust 2005a (Rust ,b, 2010 . Its effectiveness as an active ingredient (toxicant) in termite baits has been conÞrmed by both laboratory and Þeld studies (Rojas and MoralesÐRamos 2004 , Lovelady et al. 2006 , Vahabzadeh et al. 2007 , Haverty et al. 2010 , Lewis and Forschler 2010 , Bowen and Kard 2012 . Lovelady et al. (2006) , Haverty et al. (2010) , and Bowen and Kard (2012) reported that 1,500 ppm lufenuron baits can successfully suppress subterranean termite populations in the Þeld. In the current study, we tested a lower concentration of lufenuron (1,000 ppm), which did not effectively suppress C. formosanus under laboratory conditions in a previous study (Su and Scheffrahn 1996) . Three entomopathogenic bacteriaÑP. aeruginosa, S. marcescens, and B. thuringiensis subsp. IsraelensisÑare known termite pathogens, as studied by Khan (1981) , Khan et al. (1977 Khan et al. ( , 1992 , Osbrink et al. (2001) , Connick et al. (2001) , and Singha et al. (2010) . Two of themÑP. aeruginosa and S. marcescensÑare naturally associated with termites and have been isolated from C. formosanus , Adams and Boopathy 2005 , Wang and Henderson 2013 .
To test our hypothesis, termites were Þrst fed lufenuron or untreated Þlter paper and subjected to mortality bioassays involving the three entomopathogenic bacteria. The mortality and behavior of termites were recorded and compared.
Materials and Methods
Termites. Two colony groups of C. formosanus were collected Ͼ100 m apart from Brechtel Park, New Orleans, LA, on 17 August 2012 using milk crate traps (Gautam and Henderson 2011) . Termites were maintained in 140-liter trash cans provisioned with moist wood (Pinus sp.) for a maximum of 1 mo before testing.
Termite Prefeeding Conditions. A stack of 12 Þlter paper discs (9 cm in diameter, Ahlstrom, Grade 617) were weighed and treated with the calculated amount of lufenuron (SigmaÐAldrich Co. LLC., St. Louis, MO) dissolved in 14 ml of acetone to make 1,000 ppm lufenuron-treated Þlter paper. Control Þlter paper discs were added with an equal amount of acetone alone. The Þlter paper stacks were placed under a fume hood and ßipped several times to absorb the liquid and left in place for 48 h until the acetone was completely evaporated. Six of the 12 lufenuron or untreated Þlter paper discs (2.80 Ϯ 0.01 g) were placed in a petri dish (150 by 15 mm, Fisherbrand) and moistened with 8 ml sterile distilled water. One thousand termites each from the two colonies (colony 1: 90% workers and 10% soldiers; colony 2: 100% workers, according to their collected colony structure) were released to each dish. Petri dishes were sealed with ParaÞlm (Structure Probe, Inc., West Chester, PA) to maintain moisture and held in an incubator (3710, Forma ScientiÞc, Inc., Marietta, OH) at 28ЊC in total darkness for 8 d. At the end of day 8, the condition of termites (active or sluggish), Þlter paper consumption, and survival were recorded.
Bacteria Strains, Growth Conditions, and Bioassay Arena. P. aeruginosa and S. marcescens were previously isolated from C. formosanus collected in New Orleans and identiÞed by 16S rRNA sequencing (Wang and Henderson 2013) . B. thuringiensis subsp. israelensis was isolated from MosquitoDunk (Summit Chemical Company, Baltimore, MD) and conÞrmed by colony growth characteristics and SchaefferÐFulton staining. The three bacteria were streaked on LuriaÐBertani (LB) agar plates and stored at 4ЊC for Ͻ1 mo before setting up the bioassay. Stored bacteria were streaked on BrainÐHeart Infusion (BHI) agar plates and incubated at 30ЊC for 24 h. A single colony of each bacterium was picked from the inoculated plates and transferred to 1 ml sterile BHI broth and incubated at 30ЊC on a shaking platform set at 200 rpm for 12 h. Two hundred microliters of broth of each bacterium was then inoculated in 50 ml BHI broth and incubated at 30ЊC for 34 h with shaking (200 rpm). Ten milliliters of broth of each bacterium was centrifuged at 4,500 ϫ g for 20 min at 4ЊC. The concentrate was washed with 10 ml sterile distilled water and centrifuged again (4,500 rpm, 20 min, 4ЊC). The concentrate was suspended and diluted using sterile distilled water until it reached an OD 600 value of 1.0. One milliliter of bacteria suspension was added to a Þlter paper disc (7.5 cm, Ahlstrom, Grade 615) placed on a petri dish (100 by 15 mm, Fisherbrand) of each treatment.
Mortality Bioassay. The mortality bioassays contained eight treatments. Termites prefed lufenuron or untreated Þlter paper were exposed to P. aeruginosa, S. marcescens, B. thuringiensis subsp. israelensis, or no bacteria. There were 12 replicates in each treatment (six replicates for each termite colony). From each colony, 25 termites prefed lufenuron or untreated Þlter paper (colony 1: 23 workers and 2 soldiers; colony 2: 25 workers) were released into each petri dish. Petri dishes were then sealed with ParaÞlm and kept in the incubator set at 28ЊC in total darkness. The mortality of termites was recorded on day 2, 4, 6, 8, 10, and 12. The behavioral responses of termites to dead termites also were observed and recorded at each time period.
Data Analyses. For the test against each entomopathogenic bacterium, mortality was calculated and compared among termites: 1) prefed lufenuron and then exposed to bacteria, 2) only prefed lufenuron, 3) only exposed to bacteria, and 4) controls. Analysis of variance (ANOVA) SAS PROC MIXED model (SAS Institute, Cary, NC) was used to analyze the data, and TukeyÕs honestly signiÞcant difference (HSD) test was performed for means comparison. All signiÞcant levels were determined at ␣ ϭ 0.05.
Results

Termites Prefed Lufenuron or Untreated Filter
Paper. For both colonies, termites fed lufenuron moved slowly, appeared sluggish, and consumed less Þlter paper at the end of 8 d when compared with termites fed untreated Þlter paper. The survival rate within a colony between the treatments was similar, but a difference between colonies was evident (colony 1: Ϸ92%, colony 2: Ϸ79%). The colonies were similar in consumption of lufenuron-treated paper, but the consumption of untreated Þlter paper of colony 1 was lower than that of colony 2 (Table 1) . Because of the colony difference, data were analyzed separately.
Termite Mortality in P. aeruginosa Test. The termites infected by P. aeruginosa assumed a yellow or green color after they succumbed to infection. In general, for both colonies, the mortality of termites prefed lufenuron and then exposed to P. aeruginosa (LU-PA) was signiÞcantly higher than that of termites only exposed to P. aeruginosa (PA), only prefed lufenuron (LU), or controls. There was no signiÞcant difference in mortality among the treatments PA, LU, and controls, with the exception of colony 2 on day 12 (Fig. 1) . The mean mortality of the treatment LU-PA was higher than the additive mortality of the treatments LU and PA for the majority of the observation period (from days 2Ð10), indicating that the combination had a synergistic effect on C. formosanus mortality. Termite Mortality in S. marcescens Test. The termites infected by S. marcescens assumed a red color after they succumbed to infection. For colony 1, there was no signiÞcant difference in mortality among termites prefed lufenuron and then exposed to S. marcescens (LU-SM), only exposed to S. marcescens (SM), only prefed lufenuron (LU), and controls in any observation period (Fig. 2) . For colony 2, on day 2 and 4, mortality of the treatment LU-SM was signiÞcantly higher than that of the treatment SM or controls. From day 8 Ð12, mortality of the treatment LU-SM was signiÞcantly higher than the controls, but was not different from LU or SM. At the end of the experiment, the mean mortality of the treatment LU-SM was 1.5 times higher than that of the treatment SM or LU (Fig. 2) .
Termite Mortality in B. thuringiensis subsp. israelensis Test. For colony 1, no signiÞcant difference in mortality was detected among termites prefed lufenuron and then exposed to B. thuringiensis subsp. israelensis (LU-BTI), only exposed to B. thuringiensis subsp. israelensis (BTI), only prefed lufenuron (LU), and controls in any observation period (Fig. 3) . For colony 2, on day 2 and 4, mortality of the treatment LU was signiÞcantly higher than that of the treatment BTI. There was no signiÞcant difference in mortality among the four treatments from day 6 to 10. On day 12, mortality of the treatment LU-BTI was signiÞ-cantly higher than controls (F 3, 19 ϭ 3.19; P ϭ 0.0291), but was not different from the treatment LU or BTI (Fig. 3) .
Carcass-Burying Behavior. For both colonies, in the treatments PA, SM, BTI, and controls (termites not prefed lufenuron), all dead termites were covered by paper pellets. In treatments LU-PA, LU-SM, LU-BTI, and LU (termites prefed lufenuron), no dead termites were covered by paper pellets.
Discussion
Pesticide effects on insect immunity have drawn much attention as a result of recent investigations into colony collapse disorder (CCD) in honey bees. Exposed to sublethal doses of Þpronil, thiacloprid, or imidacloprid, honey bees were more susceptible to the gut pathogen Nosema (Alaux et al. 2010 , Vidau et al. 2011 , Aufauvre et al. 2012 , Pettis et al. 2012 . In a study aimed to determine the interaction of pesticide and microbial pathogens, Islam et al. (2010) reported that the combination of a botanical pesticide, neem, and an insect pathogenic fungus, Beauveria bassiana (Balsamo) Vuill, led to signiÞcantly higher mortality of the sweetpotato whiteßy, Bemisia tabaci Gennadius. ShapiroÐIlan et al. (2011) studied the interaction between commercial pesticides (carbaryl or cypermethrin) and microbial agents (Steinernema carpocapsae Weiser or B. bassiana) for the control of the pecan weevil, Curculio caryae Horn. Their results showed that some combinations could be an effective control method. In the current study, for both tested termite colonies, lufenuron signiÞcantly increased the virulence of P. aeruginosa and the combination effect was synergistic. However, the interaction of lufenuron and S. marcescens or B. thuringiensis subsp. israelensis was not as strong as the interaction of lufenuron and P. aeruginosa, as higher mortality was only observed in one of the colonies.
Unlike vertebrates, insect immune systems lack an acquired immune response (Vilmos and Kurucz 1998, Schmidt et al. 2008) . Cuticle, cellular responses, and humoral responses are major aspects of insect immunity (Vilmos and Kurucz 1998, James and Xu 2011) . Some enzymes, such as glutathione S-transferase (GST) and superoxide dismutase (SOD), which have multiple functions in metabolism, also play important roles in insect immune responses (Turrens 2003 , MolinaÐCruz et al. 2008 , Huang et al. 2011 , James and Xu 2011 . It is known that organophosphates, organochlorines, and some botanical pesticides can suppress cellular responses by changing the viability and amount of hemocytes (Azambuja et al. 1991; Sharma et al. 2003 Sharma et al. , 2008 George and Ambrose 2004; James and Xu 2011; Koodalingam et al. 2013) . A variety of synthetic pesticides also can reduce the activity of GST and SOD, thus increasing stresses on insect immunity (Bü yü kgü zel 2009, Wu et al. 2009, James and Xu 2011) . Fewer studies on the effect of pesticides on cuticle and humoral responses exist (James and Xu 2011) .
Lufenuron blocks the formation of the exoskeleton, thus may negatively affect the ability of termite cuticle to operate as a barrier against microbial pathogens. Merzendorfer (2013) stated that some chitin synthesis inhibitors can inhibit the formation of the peritrophic membrane of insects. Lufenuron may suppress disease resistance of termites by disrupting the function of peritrophic membrane that prevents microbial infection in the midgut. Zhu et al. (2012) reported that hexaßumuron, another chitin synthesis inhibitor, interferes with the balance of hemolymph compounds in the cutworm, Spodoptera litura F. Lufenuron may also inßuence cellular responses, humoral responses, and metabolic enzymes associated with termite immunity, although the mechanisms of these processes are largely unknown.
Social behavior is important in effective disease defense of termites. To prevent infection, termites will often isolate dead cohorts into "quarantined barriers" made up of soil and fecal pellets (Logan et al. 1990 , Rosengaus et al. 2011 , Yu et al. 2012 . Rosengaus et al. (1998) and Chouvenc et al. (2008 Chouvenc et al. ( , 2009 rokin. Neoh et al. (2012) closely studied the carcassburying behavior of four termite species including C. formosanus. They found that, for C. formosanus, carcasses were actively detected, dragged, and buried. In our study, when exposed to three microbial pathogens, termites prefed lufenuron did not show active carcass-burying behavior of dead cohorts. Other behavioral patterns that contribute to disease resistance of termites include self-and allogrooming. Chouvenc et al. (2009) found that, to prevent fungus infection, R. flavipes workers groom and ingest large amount of conidia of M. anisopliae.
The strong immune responses and pathogen defense behaviors of C. formosanus greatly decrease the risk of microbial infection, although it lives in humid environments that favor the growth of various pathogens (Husseneder et al. 2010) . For the same reason, Chouvenc et al. (2011) believe it is improbable that biological control of termites will ever see the light of day. A few efforts have been taken to suppress the disease resistance of termites. For example, Bayer Corporation (Tarrytown, NY) claims that one of its products, Premise Plus Nature, can make termites more susceptible to fungal infection by suppressing their grooming behavior (www.pctonline.com/Article.aspx? article_id ϭ 39807). Connick et al. (2001) reported that some immune inhibitors such as dexamethasone, ibuprofen, and ibuprofen sodium salt can signiÞcantly increase the mortality of C. formosanus exposed to S. marcescens. Bulmer et al. (2009) found that D-␦-gluconolactone, a nontoxic molecule derived from glucose, can block the ␤(1,3)-glucanase effector activity of termite gram-negative bacteria-binding protein-2 (tGNBP-2) and accelerate mortality of Nasutitermes corniger (Motschulsky) caused by the infection of M. anisopliae, Serratia sp., and Pseudomonas sp. Hamilton and Bulmer (2012) used double-stranded RNA (dsRNA) to knockdown the expression of two antifungal defense genes of R. flavipesÑtermicin and GNBP-2Ñand observed a decrease in cuticular antifungal activity. We believe that lufenuron has an advantage in suppressing termite resistance to microbial pathogens, as its potential as a bait toxicant has been well studied.
Lufenuron also has a potential for the development of a combination bait with P. aeruginosa. The value to combine chemical termiticides and biological control agents has been discussed by Grace (2003) , Lenz (2005) , and Woodrow and Grace (2008) . However, Chouvenc et al. (2011) expressed a concern about the "unrealistic optimism" of such potential based on data collected from "bioassays with poor biological relevancy." In our study, only one concentration each of lufenuron and bacteria was tested using small groups of termites. Therefore, before drawing a Þrm conclusion that integration of the two methods (chitin synthesis inhibitors and termite pathogens) can be a successful termite control strategy, more laboratory tests involving various concentration combinations and a bigger termite group size followed by multi-site Þeld tests are needed.
